Objective. To investigate the impact of knee joint loading exercise on articular 29 cartilage in people at risk of, or with established, knee osteoarthritis (OA) by 30 conducting a systematic review of randomized controlled trials (RCT).
What is already known?

56
• Knee joint loading exercise is a cornerstone in the management of knee OA.
57
• Knee joint loading exercise in the form of exercise therapy has a moderate 58 effect in reducing pain and improving physical function in knee OA patients.
59
What are the new findings?
60
• Knee joint loading exercise seems to not be harmful for articular cartilage in 61 participants at increased risk of, or with, knee OA.
62
• Knee joint loading exercise interventions at a dose sufficient to improve 63 cartilage health need to be investigated.
64
INTRODUCTION
Search methods and study selection 144
The search was firstly performed in MEDLINE (Appendix B) and then customized for 145 EMBASE, CENTRAL, WoS and CINAHL. All terms were searched, if possible, both 146 as keywords [MeSH] and as text words in titles and abstracts [TIAB] . In MEDLINE 147 and EMBASE, animal studies were identified and removed before screening all the 148 studies, using a validated animal filter 26 27 . Initially, two reviewers (AB and CJ) 149 independently screened titles and abstracts and all studies deemed eligible by at 150 least one of the reviewers was checked independently in full-text by the same two 151 reviewers. In addition, reference lists from retrieved publications and systematic 152 reviews published after January 2010 were screened. Disagreements between the 153 two reviewers in inclusion were discussed until consensus was reached. 
162
The following information was mandatory: authors of the study, year of publication, 163 design of the trial, intervention characteristics, location of the trial (in the case of 164 multi-center studies, primary investigator affiliation was applied), number of 165 participants allocated (to the exercise and control groups respectively), the 166 participants' average age, average body mass index (BMI (Kg/m 2 )), the duration of 167 the study (presented in weeks), and the MRI characteristics. When several 168 intervention groups were included in a study, the between-group difference was 169 reported for each possible comparison. For example, when a study had two 170 intervention groups (A and B) and one control group (C), we compared A vs. C and B 171 vs. C, and reported the results as two separate study comparisons. This procedure is 172 in accordance with the Cochrane handbook. 25 
173
Narrative synthesis of results
174
Between-group difference
175
We assessed the effect of knee joint loading exercise as positive ('+') or negative ('-') 176 when a statistically significant (P<0.05) improvement or decline in the outcome of 177 interest was reported for the overall cartilage or at least one of the cartilage 178 compartments assessed in the intervention group compared with the control group. If 179 none of the compartments showed an increase or a decrease in the outcome of 180 interest, we reported this finding as no effect ('=').
181
Increased T2 values have been associated with deteriorated collagen orientation and 182 increased hydration 28 29 , which is considered to have a negative impact on the 183 cartilage. Therefore, we reported increased T2 values as negative ('-') and decreased 184 T2 values as positive ('+') for the cartilage. A decrease in cartilage thickness/volume 185 was interpreted as negative for the cartilage. Accordingly, an increase in cartilage 186 thickness/volume was interpreted as potentially beneficial. However, the proof of a 187 positive effect on cartilage volume/thickness would need additional information, since 188 increased cartilage volume/thickness may also be related to the growth of the 189 subchondral bone for example. 
222
The GRADE is a systematic approach to rate the quality of evidence across studies 223 for specific outcomes. It is based on five domains that involve the methodological 224 flaws of the studies (i.e. risk of bias), the heterogeneity of results across studies (i.e. 
233
individual RCTs were identified as potentially eligible. Ultimately, we included nine 234 papers, involving 14 study comparisons. MRI-assessed cartilage morphometry was 235 investigated in four 32 33 , cartilage morphology in three [34] [35] [36] and cartilage composition 236 in seven comparisons [37] [38] [39] [40] . One study was reported in two different papers 37 41 .
237
Multanen et al. 37 reported findings in the tibiofemoral compartment and Koli et al. 41 
238
in the patellofemoral compartment of the same participants following the same 239 exercise intervention. We included both papers and counted them as one study with 240 two study comparisons, as suggested in the Cochrane guidelines 25 .
241
Two study comparisons investigated the effect of knee joint loading exercise in 242 participants at increased risk of developing OA: one in participants having had 243 arthroscopic partial meniscectomy 28 and the other in overweight or obese 244 participants 36 40 . Twelve study comparisons focused on participants with OA 32-35 37-39 245 41 .
246
Participant characteristics 247
The overall number of participants in the included studies was 702, with a mean age 248 (SD) of 57.7 years (6.5) and a mean BMI (Kg/m 2 ) (SD) of 29.5(4.4). The overall 249 percentage of women was 81.7%, (Table 1) . 
250
265
In the 12 study comparisons focusing on participants with established OA, articular 266 cartilage was assessed using cartilage morphometry in four 32 and morphology with 267 semi-quantitative scoring systems in three [33] [34] [35] . Cartilage composition was assessed 268 in seven comparisons as GAG via dGEMRIC 37 38 or collagen via T2-mapping 37-39 43 .
269
Detailed characteristics of participants and outcome measure characteristics are 270 reported in Table 2 . Table 2 .
281
Narrative synthesis of results
282
Meta-analysis was not considered appropriate because of the substantial 283 heterogeneity between study interventions, patient characteristics and outcome 284 variables. 44 Instead, we summarised the results of these studies narratively, to 285 provide a clear critical appraisal of the evidence, as recommended by the guidelines 286 on the conduct of narrative synthesis in systematic reviews. 45 287 Between-group difference in participants at risk of OA
288
In the participants at risk of OA, one study comparison in overweight women with a 289 mean age of 56 years reported no effect on cartilage defects (MOAKS) 36 
293
Between-group difference in participants with established OA
294
In participants with established OA, six study comparisons found no effect of knee 295 joint loading exercise on cartilage thickness, volume or defects [32] [33] [34] [35] , one study 296 comparison reported no effect 37 303 the cartilage of the medial condyle of the femur 37 . Lastly, one study comparison 304 reported no effect 37 39 on collagen T2-mapping 39 ( Random sequence generation (selection bias). B) Allocation concealment (selection bias). C) Blinding of participants and personnel (performance bias). D) 10
Blinding of outcome data (detection bias). E) Incomplete outcome data (attrition bias). F) Selective reporting (reporting bias). G) Other bias. 11 12
Within-group difference 313
The within-group differences analysis investigating articular cartilage changes pre to 314 post intervention (within-group findings), showed that knee joint loading exercise 315 increased cartilage volume 32 , and had a positive effect on cartilage defects (SPRG) 316 in the medial femoral condyle 34 and on GAG in the medial and lateral compartment 317 of the femur and lateral compartment of the tibia 37 40 . Furthermore, positive effects 318 were also reported on the patellar cartilage 41 and on the posterior medial femoral 319 condyle and central medial tibial condyle 38 . There was only one negative within-320 group finding out of 14 comparisons.
321
Sub-group analysis on cartilage compartment 322 Three out of nine studies, assessed the effect of knee joint loading exercise on the 323 patellar compartment in addition to the tibiofemoral compartment. 32 36 43 In one 324 study, 36 the patellar and tibiofemoral compartment were combined for the 325 assessment of exercise on cartilage health, not allowing for comparisons of different 326 cartilage compartments. In contrast, two studies 32 43 analysed the patellar and 327 tibiofemoral compartments separately. One study reported a beneficial effect on the 328 collagen matrix in the patellar but not in the tibiofemoral compartment, 43 and another 329 study reported no effect in cartilage volume or thickness for the patellar and 330 tibiofemoral compartment. 32 
331
Impact of sex on cartilage health 332
We found no indication of difference in the effect of exercise on cartilage health 333 between the sexes. Four studies, seven study comparisons, included only women, of 334 which two study comparisons reported a positive effect on collagen, 38 43 one reported 335 a negative effect on glycosaminoglycans 38 and four reported no effect of knee joint 336 loading exercise on cartilage health. 36 37 39 337 Five studies, seven study comparisons, included both men and women, of which one 338 reported a beneficial effect on glycosaminoglycans 40 and six reported no effect of 339 knee joint loading exercise on cartilage health (Table 3) . 32 Overall, the majority of the studies applied proper randomization, allocation and 343 blinding of the outcome assessment. In contrast, all the studies failed to clearly 344 report, or inadequately addressed, dropouts of participants in the analyses (attrition 345 bias, Table 3 ). 
361
Our findings suggest that knee joint loading exercise seems not to be harmful for 362 articular cartilage in people at increased risk of, or with, knee OA. However, the 363 quality of evidence was low. 
388
However, GAG and collagen assessed as dGEMRIC and T-2 mapping, respectively,
389
were the only outcomes that showed a response to the treatment interventions, 390 supporting the theory that these early OA markers are sufficiently sensitive to detect 391 treatment effects in individuals with early or established OA. Nevertheless, six out of 392 seven study comparisons found no effect or beneficial effect or beneficial effect on 393 cartilage composition, highlighting that knee joint loading exercise seems to be at 394 least safe in patients at increased risk of, or with, knee OA.
395
Limitations
396
This study has some limitations. The heterogeneity of the interventions, patient 397 characteristics and outcome variables did not support the use of a meta-analysis.
398
Instead, in accordance with the Cochrane Handbook, we described our findings 399 narratively. 25 Although, from a statistical point of view, there is no restriction on study 400 number or similarity, it is important to consider the conceptual diversity of the 401 included studies, for the meta-analysis to be meaningful for researchers, clinicians 402 and patients. 44 based on the narrative synthesis of results. Finally, one trial included the control 413 treatment of glucosamine 34 and another trial included a control of local heat 414 treatment. 39 Recent systematic reviews conclude that glucosamine does not impact 415 cartilage health 49 50 and there is no evidence to suggest an effect of local heat 416 treatment on articular cartilage. 
425
CONCLUSION
426
We narratively summarized the impact of knee joint loading exercise on knee joint 427 articular cartilage in the participants at risk of, or with, knee OA included in 428 randomized controlled trials of exercise. Knee joint loading exercise seems not to 429 harm articular cartilage in participants at increased risk of, or with, knee OA.
430
However, the quality of evidence was low, including some interventions studying 431 activities considered outside the therapeutic loading spectrum to promote cartilage 
